Abstract: Friulimicin is a cyclic lipodecapeptide antibiotic that is produced by Actinoplanes friuliensis. Similar to the related lipopeptide drug daptomycin, the peptide skeleton of friulimicin is synthesized by a large multienzyme nonribosomal peptide synthetase (NRPS) system. The LipD protein plays a major role in the acylation reaction of friulimicin. The attachment of the fatty acid group promotes its antibiotic activity. Phylogenetic analysis reveals that LipD is most closely related to other freestanding acyl carrier proteins (ACPs), for which the genes are located near to NRPS gene clusters. Here, we report that the solution NMR structure of apo-LipD is very similar to other four-helix bundle forming ACPs from fatty acid synthase (FAS), polyketide synthase, and NRPS systems. By recording NMR dynamics data, we found that the backbone motions in holo-LipD are more restricted than in apo-LipD due to the attachment of phosphopantetheine moiety. This enhanced stability of holo-LipD was also observed in differential scanning calorimetry experiments. Furthermore, we demonstrate that, unlike several other ACPs, the folding of LipD does not depend on the presence of divalent cations, although the presence of Mg 21 or Ca 21 can increase the protein stability. We propose that small structural rearrangements in the tertiary structure of holo-LipD which lead to the enhanced stability are important for the cognate enzyme recognition for the acylation reaction. Our results also highlight the different surface charges of LipD and FAS-ACP from A. friuliensis that would allow the acyl-CoA ligase to interact preferentially with the LipD instead of binding to the FAS-ACP.
Introduction
The contemporary drug arsenal is no longer adequate to fight against antibiotic-resistant bacterial strains, specifically where it concerns drug-resistant Gram-positive pathogens such as methicillin-resistant Staphylococcus aureus, or vancomycin-resistant enterococci and obligate anaerobes.
1,2 Ca 21 -dependent cyclic lipopeptides are an emerging class of antibiotics for the treatment of infections caused by Gram-positive pathogens. These lipopeptide antibiotics are synthesized by nonribosomal peptide synthetase (NRPS) complexes in various Streptomyces strains. 3 Daptomycin from Streptomyces roseosporus is the first drug of this class which has been approved for systemic clinical use in 2006 in the United States. 4 However, reduced daptomycin susceptibility in S. aureus has already been reported. For example, during clinical trials daptomycin failed to treat community-acquired pneumonia patients due to sequestration of daptomycin by pulmonary surfactant. 5 Alteration of cell membrane and cell wall components by various mechanisms has also been proposed for the emerging resistance toward daptomycin. 6 On the other hand, it has been reported that bacterial adaptation to antibiotic stress may be more difficult in the case of the related lipopeptide friulimicin from Actinoplanes friuliensis. Friulimicin has a different mode of action compared to daptomycin, where the former is thought to interrupt the cell wall precursor cycle by forming a complex with the bactoprenol phosphate carrier C(55)-P. 2 The biosynthetic NRPS gene clusters responsible for the synthesis of these lipopeptide antibiotics are under intensive investigation as they represent a potential source for novel antibiotics with alternative modes of action to overcome bacterial resistance. 7 Structurally, friulimicin is similar to other lipopeptide antibiotics such as daptomycin although there are variations in the exocyclic amino acids and the length of the fatty acid substituent. 2 Friulimicin has a number of characteristic features: (i) a 10-membered cyclic peptide with a Dcis3 double bond containing branched-chain (C 14 ) fatty acid moiety; (ii) the peptide contains the DXDG Ca 21 -binding motif that is conserved among various cyclic lipopeptide antibiotics; and (iii) the presence of a number of unusual non proteinogenic amino acids. 2 While the biosynthesis of the peptide cores via the NRPS systems is quite well understood, much less is known about the activation, subsequent transfer, and incorporation of the fatty acid moiety into the final product from a biochemical or structural viewpoint. 8, 9 The LipA, LipB, and LipD proteins are thought to participate in the activation, attachment, and transfer of the fatty acid component of friulimicin. These genes are separated from the friulimicin biosynthetic gene cluster. 10 The putative enzyme activity of LipA is deduced based on sequence similarity with adenylate forming enzymes such as acyl-CoA synthetase or acyl-CoA ligases, whereas the functions of LipB and LipD were characterized after expression in recombinant systems. 8, 11 LipA seems to be involved in the initiation of the acylation reaction during the synthesis of lipopeptide antibiotics through the NRPS system. The activation of the fatty acid is carried out by a two-step catalysis reaction in the presence of ATP and Mg 21 . 8, 11 The introduction of the Dcis3 double bond into the acyl residue by the acyl-CoA dehydrogenase LipB gives rise to enhanced potency of friulimicin. LipD is an acyl carrier protein (ACP) that shuttles fatty acids during the initiation of friulimicin biosynthesis. 8, 11 Similar to fatty acid synthase (FAS) systems and polyketide synthase (PKS) enzyme complexes, the NRPSs can be categorized into two groups according to their organization. The majority of the NRPS systems act as a type I system where the conserved catalytic domains are part of a modular multidomain protein. On the other hand, some type II NRPS systems are composed of multiple freestanding proteins. Regardless of the biosynthetic machineries, the small (9 kDa) acidic carrier protein (CP) such as either ACP or peptidyl carrier protein (PCP) plays a pivotal role by tethering either fatty acids, or amino acids, or peptidyl intermediates to a 4 0 -phosphopantetheinyl prosthetic group through a conserved serine residue that is part of the protein.
Conformational flexibility of the CPs is critical for the substrate delivery from one catalytic center to another. 9, 12 Although, there are considerable differences in the amino acid sequences of the carrier proteins, all the CPs are made up of a four-helix bundle. The three major alpha helices I, II, and IV are almost parallel and together form a hydrophobic core. The shorter helix III lies almost perpendicular to these major helices. 13, 14 Although a considerable amount of structural information is available for the various domains in NRPS, 15 at this time, no structural data have been reported for the lipidation reaction of the lipopeptide antibiotics. This is unfortunate, as the lipid chain plays a critical role in the activity and the mode of action of the lipopeptides by assisting the antibiotic in the attachment to the phospholipid membrane. 16 The length of the acyl chain also governs the activity of the cyclic lipopeptide antibiotics. 17 Initial in vitro biochemical characterizations of the lipidation reaction have been carried out for daptomycin 8 but not yet for other related lipopeptide antibiotics. 18 A better understanding of the structural details of the lipidation reaction will be crucial to facilitate further development of this novel class of lipopeptide antibiotics. It is well known that binding of divalent cations can influence the folding of ACPs by partially neutralizing the acidic charges hence increasing the stability of ACPs. [19] [20] [21] [22] [23] Two divalent metal ion-binding sites have been identified in ACPs, consisting of acidic residues and both of these are located at either end of the helix II, named as site A and B.
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The stability of ACPs is influenced by not only divalent ions such as calcium or magnesium but also monovalent cations can stabilize the protein conformation by decreasing the electrostatic repulsion between the multiple negative charges on the protein surface. 22 In this study, we report the NMR solution structure of the LipD protein, which represents the first structure for an ACP protein that is involved in the biosynthesis of cyclic lipopeptide antibiotics. Backbone dynamics NMR experiments were initiated to detect differences in the internal dynamics between apo-and holo-LipD that contains a phosphopantetheine group attached to Ser47. As many ACPs that are involved in fatty acid synthesis are known to bind cations, we also investigated the effects of the binding of Ca 21 and Mg 21 on the stability of LipD through differential scanning calorimetry experiments. The effects of these divalent cations on the protein folding were further investigated through NMR titration experiments. Finally, we compared the structural features of LipD and the FAS-ACP of A. friuliensis, as both these freestanding proteins must be able to act independently in the cell.
Results

Bioinformatics analysis of LipD
Multiple sequence alignments were carried out using Clustal Omega to characterize LipD. The sequence of LipD was compared with selected carrier proteins from different microorganisms [ Fig. 1(a) Fig. 1(b) ].
Structure of LipD
The backbone resonance assignments for apo-LipD were completed for over 98% [ Fig. 2(a) ] of its amino acid sequence. The backbone Chemical Shift Index (CSI) plot indicates that apo-LipD is composed of four a-helices [ Fig. 2(b) ]. A high-resolution NMR structure of apo-LipD was obtained and the coordinates were deposited in the PDB (PDB: 2N98). 26 Torsion angle dynamics and an automated NOE assignment protocol of CYANA were used to calculate the initial structures of LipD. A total of 2346 cross-peaks in the 3D 15 N-edited NOESY-HSQC, 13 C-edited NOESY-HSQC, and 2D-NOESY spectra were automatically assigned by CYANA and this generated 1398 upper distance restraints. Backbone HAN RDCs were used for the further refinement of the structure using the program XPLOR-NIH. The experimental restraints and structural statistics are shown in Supporting Information, Table S1 . The superposition of the 30 lowest energy structures is shown in Figure 3(a) , and the backbone RMSD obtained for the structured region of the protein (L12-A85) is 0.28 Å . LipD is folded into a helix bundle [ Fig. 3(b) ], which is composed of four helices: helix I (L12-L27), helix II (S47-H60), helix III (P67-I70), and helix IV (I76-A85). Helices II and IV run antiparallel to helix I, and the shorter helix III is arranged in a perpendicular manner to the other helices. The longest loop I between helices I and II contains two short 3 10 helices: D31-T33 and L40-Y43. Two more additional loops contribute toward the helix bundle structure. Loop II (L61-D66) connects helices II and III, whereas a five-residue-long loop III (W71-T75) links helix III and helix IV [ Fig.  3(b) ]. Apo-LipD has a well-defined hydrophobic core, which consists of the side chains of L15, W18, L19, V23 (helix I), L40 (2 nd 3 10 helix), L45 (loop I), I53, L57 (helix II), L61 (loop II), L79, and L83 (helix IV).
Structural comparison
The multiple structural alignments program DALI 27 was used to analyze the structural similarity of apoLipD when compared with various ACPs available from the PDB. Out of 337 structures, four were selected based on the higher Z score, sequence identity, and system differences (i.e., FAS, PKS, and NRPS). PyMOL was used to visualize a pairwise structural comparison between apo-LipD and four different ACPs (Fig. 4) . According to the DALI server, the freestanding type II carrier protein domain from the NRPS clusters of A. baumannii (4HKG) is the most homologus structure with the highest Z-score of 9.7. In addition, this unpublished structure shows a 41% sequence identity to LipD and the superposition of the two structures resulted in an RMSD value of 2. 
Apo and holo forms of LipD
The attachment of a phosphopantetheine group to the conserved Ser47 residue converts apo-LipD to the functional holo-form. Distinct chemical shift changes are observed in the 1 H, 15 N HSQC spectrum of holo-lipD for residues in the immediate vicinity of the binding site of the prosthetic group (Fig. 5) . The average chemical shift difference between the two spectra is 0.04 ppm. Not unexpectedly Ser47 experiences the largest chemical shift difference in the spectra. The majority of the perturbed residues (>0.06 ppm) are located on helix II 
Backbone dynamics
To further investigate the effect of the conversion from apo-to holo-LipD on the protein dynamics on the pico-to nanosecond time scale, we determined the nitrogen longitudinal (R 1 ) and transverse (R 2 ) relaxation rates ( show differences between the apoand holo-LipD for some residues, which are located around the phosphopantetheine binding site, loop II, and helix III. These residues include D46, H60, D61, S63, and W71 and are likely involved in a slow conformational change, which could give rise to line broadening. The high R 2 values of these residues in apo-LipD are reduced in holo-LipD, suggesting that the slow conformational change that occurs in these regions can be suppressed by the phosphopantetheine attachment. The total correlation time of 3.56 6 0.31 ns in apo-LipD is marginally increased to 3.66 6 0.28 ns in holo-LipD, most likely due to the increased molecular weight of holo-LipD. Interestingly, the differences in the average correlation times of helices I and III between apo-and holoLipD are greater than those of other helices, indicating that the orientation of these helices may be altered somewhat after the conversion (data not shown). Although apo-and holo-LipD show similar heteronuclear NOE profiles [ Fig. 6(c) ], the average heteronuclear NOE values for the helical regions of holo-LipD are slightly higher than their apocounterparts, except for helix II, suggesting that the local dynamics of these helices are reduced in holoLipD. Interestingly, several residues from holo-LipD including T33, I53, A54, D62, L65, and D66 that are located remotely from the phosphopantetheine binding site show lower heteronuclear NOE values compared to the apo-form, indicating that these residues become more flexible due to the possible conformational change induced by the phosphopantetheine attachment.
Hydrogen exchange
We have used H/D exchange NMR experiments to investigate the protein dynamics on a more longrange timescale (hours). Even in small proteins such as ACPs, there is usually a small core region where backbone NH protons exchange slowly with solvent D 2 O. We calculated the protection factor based on the differences in the exchange rate (Supporting Information, Fig. S1 ). The average protection factors of the helices from apo-and holo-LipD, respectively, are 647 6 14 and 2144 6 30 for helix I; 282 6 13 and 1719 6 28 for helix II; 296 6 23 and 1052 6 14 for helix IV. It was also observed that residues involved in the regular helical structures are more protected than the loop regions. We also noted that the central parts of the helices are more protected than their termini ( Fig. 7 and Supporting Information, Fig.  S2 ). In the presence of Mg
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, both apo-and holoLipD had approximately 1.5 times higher protection factor values compared to their EDTA-chelated forms ( Supporting Information, Fig. S2 ). Overall, the most striking feature of this experiment is that the core of holo-LipD is more stable than its apocounterpart.
A complementary experiment is the CLEANEX experiment, which detects the fast exchanging NH regions of the protein. 28 The data obtained for these experiments are shown in Supporting Information, Figure S3 . These data show as expected that in particular the loop regions of the protein are involved in fast solvent exchange reactions; however, there are fewer events in the holo-LipD protein.
Differential scanning calorimetry and the effects of cations
The NMR chemical shift perturbation data and the NMR dynamics data reveal that the attachment of phosphopantetheine to the conserved Ser47 of LipD altered the protein dynamics. Therefore, we further examined the protein denaturation properties of apoand holo-LipD by differential scanning calorimetry (Table I) . To prepare fully apo-LipD, we used 2 mM EDTA to chelate any residual divalent cations in the , also could compensate to some extent for the effect of divalent ions, as the binding of either monovalent ion could increase the T m closer to the melting temperatures of either divalent ion bound-LipD (Table I) .
Because the DSC data revealed that the binding of divalent and monovalent cations can significantly affect the stability of both apo-and holo-LipD, we carried out fold as compared to LipD with EDTA (Fig. 8) . By comparing the CSP from both divalent ions, it is evident that Ca 21 has more of an effect on protein folding.
The residues of both apo-and holo-LipD that showed substantial chemical shift perturbations over 0.04 ppm for Ca 21 binding are clustered around the Cterminal end of helix II and also involve the entire shorter helix III (Fig. 8 ).
Discussion
In this study, we have characterized the gene product of the lipd gene from the friulimicin NRPS system of Actinoplanes friuliensis. We focused our attention on a phylogenetic analysis based on sequence comparisons and we could show that LipD is most closely related to a group of other freestanding ACPs most of which have their genes located near NRPS systems [ Fig. 1(b) ]. Although LipD can be categorized into a specific NRPS ACP group according to the phylogenetic analysis, the LipD structure was further characterized on the basis of structural similarities and dissimilarities. It has been observed in this study that LipD forms a canonical helix bundle structure like other carrier proteins, with subtle differences in the length of helices and loop regions (Fig. 4) . The length and dynamics of these loop regions could have an impact on the overall protein dynamics for the recognition of partner proteins in the friulimicin biosynthetic machinery. Our data suggest that the overall backbone dynamics of apo-LipD is similar to holo-LipD on the pico-to nanosecond time scale (Fig. 6) . The heteronuclear NOE values of LipD for the majority of the loop regions are indicative of stable structural components such as Anabaena ACP, 29 ACP from Mycobacterium tuberculosis, 30 PCP from Lactobacillus rahamnosus, 31 and ACP from a mixed PKS/NRPS system of Lyngbya majuscule. 32 Furthermore, it is evident that in the case of Escherichia coli FAS ACP, loop I and loop II show clear differences in the flexibility between apoand holo-ACP, possibly due to the structural rearrangements that are required for the attachment of the acyl chain to the prosthetic group of ACP. 33, 34 We also observed a similar trend in the dynamics of the loop I and loop II regions for both forms of LipD (Fig.  6 ). The restriction in loop motion could have some impact on the helix orientations, which eventually dictates the interaction with partner enzymes. Our dynamics data suggest that there were some changes in the orientation of the helices upon phosphopantetheinylation, a notion that is also supported by the NH-RDC data (Supporting Information, Fig. S4 ) recorded for the holo-LipD where the changes in the angles of helices are more evident, by the deviations observed throughout the entire protein.
We also studied the LipD protein motions on different time scales to investigate the impact of phosphopantetheinylation on the overall protein stability. We observed differences in the amide exchange rate ( Supporting Information, Fig. S3 ) and the associated protection factors (Fig. 7) between apo-and holoLipD. It was evident that residues around the phosphopantetheine binding site and the C-terminal end of helix II of apo-LipD showed higher intensities from amide exchange experiments, indicating faster exchange ( Supporting Information, Fig. S3 ). The intensities of these residues were suppressed by the attached prosthetic group in holo-LipD. Higher protection factors were obtained for the middle part of the helices of holo-LipD, indicating an increase in the stability of holo-LipD (Fig. 8) . The enhanced protection factors of holo-LipD corroborate our DSC data (Table I) , as an increase in the melting temperature was observed due to the attached phosphopantetheine group compared to its apo-counterpart.
So far, the interactions between ACPs and the phosphopantetheine group have been investigated at the structural level for various microorganismal ACPs [35] [36] [37] [38] [39] but the role of the prosthetic group in the thermal stability of the protein has not yet received much attention. Unfolding studies of the apo-and holo-forms of Plasmodium falciparum ACP revealed that the holo-form had greater stability than its apocounterpart due to hydrophobic interactions between the protein and the prosthetic group. 40 However, an increase in the melting temperature was also observed for an holo-ACP form of the mycolactone polyketide synthase from Mycobacterium ulcerans where the phosphopantetheine moiety appeared to swing freely around the highly conserved attachment site. 41 In our study, we also investigated the effect of attached phosphopantetheine on protein stability. The DSC data (Table I) indicate a substantial increase in the melting temperature for holoLipD in the EDTA-chelated form. In isotope filter NMR experiments, we did not detect any longlasting interactions between the labeled LipD protein and the attached unlabeled phosphopantetheine prosthetic group (data not shown), suggesting that the latter is also swinging freely. It has been reported that divalent cations such as CaCl 2 , MgCl 2 , or MnCl 2 can play a key role in stabilizing some ACPs, mainly through charge neutralization. [19] [20] [21] [22] [23] Our DSC data (Table I) indicate a substantial increase in the melting temperature for holo-LipD either in the monovalent or divalent metal ion bound form compared to the apo-LipD. Divalent cation-induced folding raised the melting temperatures; around 70.0 8C was reported for E. coli ACP, 23 which is close to the T m we determined for LipD in the presence of either CaCl 2 or MgCl 2 .
Higher thermal stability was also observed in ACPs from Enterococcus faecalis and Staphylococcus aureus in the presence of CaCl 2 . 42 The increase in the melting temperature of LipD in the presence of divalent cations is also supported by our hydrogen deuterium exchange data. We observed a significant increase in the protection factors with both forms of LipD in the presence of Mg 21 (Supporting Information, Fig. S2 ). In addition to the effect of divalent ion on thermal stability, we investigated the effect of divalent ions on protein folding. Unlike the ACP from Vibrio harveyi, which is unfolded in the absence of calcium or magnesium, both apo-and holo-LipD are folded properly without any divalent cations. 43 The presence of calcium had slightly higher effect on the protein stability compared to Mg 21 (Table I) . However, since Mg 21 concentrations are higher in the cytoplasm, the protein would likely exist mostly in the magnesium-bound form in the cell. Significant changes in CSP were observed in Figure 9 . Comparison of the surface charge plots for the solution structure of LipD (a) and the model structure of FAS ACP from A. friuliensis (b). The model was calculated by using SwissModel based on the solution structure (2KOR) of 2-octenoyl-ACP from Streptomyces coelicolor FAS system where the sequence indentity is over 70%. Amino acids with a negative side chain charge are marked in red color (c) in the sequence alignment. Residues inside the box are also indicated with cyan in the three-dimensional structures. The surface charge plots are prepared by using the APBS program and were visualized using Pymol.
the residues from the C-terminal end of helix II, loop II, and the beginning of helix III upon binding of divalent cations (Fig. 8) . This observation corroborates our sequence analysis, which indicates that LipD has conserved sequence identity for divalent cation binding site B, while binding site A is not preserved (Fig. 1) . In addition to the conformational stability, binding of divalent cations influences the function of ACP during the interaction with various enzymes. 43 However, our NMR titration experiments suggest that there are no significant changes in the overall folding by the binding of the divalent metal ions (Fig. 8) . Therefore, we conclude that divalent metal ions increase the thermal stability of LipD mostly through charge neutralization on the protein surface.
Although the NMR dynamics and thermodynamics data for both apo-and holo-LipD provide some insights into the effects of phosphopantetheinylation of LipD, it is not clear how this ACP could interact with the ACP synthase enzyme for the attachment of the prosthetic group. Recognition of the carrier protein and the phosphopantetheinyl transferases (PPTs) are conserved in different organisms ranging from bacteria to mammals. The highly conserved D46 and E58 residues (Fig. 1) at either end of helix II of LipD may contribute to direct the phosphopantetheinylated substrate into the enzyme cavity.
44 D46 of the conserved DSX motif from LipD might participate in the intermolecular recognition as observed for the Bacillus subtilis FAS ACP-ACPS complex. 45 Finally, we asked the question whether LipD, as an independent soluble cytoplasmic protein could interfere in FAS biosynthesis in A. friuliensis (or vice versa). It should be noted that in the case of the related lipopeptide A54145 from Streptomyces fradiae, the required ACP, known as LptEF, is in fact fused to the enzyme that carries out the acylation reaction. 3 Sequence comparison revealed that the loop I of FAS ACP from A. friuliensis (Uniprot: U5VT84) contains seven negative residues, whereas only two negatively charged residues are present in this position in LipD. By comparing the surface charge plot of FAS ACP structure from A. friuliensis to that of apo-LipD (Fig. 9) , we speculate that the presence of the excess negative residues in loop I of FAS ACP from A. friuliensis is sufficient for the cognate partner enzymes to distinguish between NRPS and FAS systems to synthesize both bioactive lipopeptides antibiotic and fatty acids independently. As mentioned above, it is well known that the antimicrobial potency of this class of lipopeptides varies with structural changes of the acyl tail. 17, 46 Therefore, as an ACP, the biophysical characterization of LipD can be used as an initial starting point toward understanding the structural details of the lipidation reaction, which could in turn play a role in the combinatorial biosynthesis of novel acidic cyclic lipopetides with improved antibacterial activity.
Conclusion
The solution structure of LipD represents the first structure for a freestanding ACP that is involved in cyclic lipopeptide antibiotic synthesis. The protein has the typical four-helix bundle structure seen in all ACPs. NMR backbone dynamics and DSC data reveal that holo-LipD has somewhat restricted motions and a higher melting temperature than apoLipD. In addition to NMR chemical shift perturbations, our DSC data also reveal that both forms of LipD participate in cation-induced charge neutralization events such as other ACPs, exclusively interacting with a site at the C-terminal end of helix II. From our data we hypothesize, that there might be a local conformational change of apo-LipD upon phosphopantethenylation, which enhances the protein stability, and in turn could influence its interactions with target enzymes.
Experimental Procedures
Cloning, expression, and purification
The gene with a sequence optimized according to E. coli codon usage for the putative ACP, LipD was obtained from GeneArt. A pET15-MHL expression vector containing an N-terminal hexa histidine-tag followed by a Tobacco Etch virus (TEV) protease restriction site was used to subclone the LipD gene by using the 5 0 NdeI and 3 0 XhoI restriction sites. The construct was verified through nucleotide sequencing which was carried out at the University of Calgary sequencing facility. The verified constructs were transformed into E. coli BL21(DE3) for expression.
A 10-mL preculture was used to inoculate 1 L Luria-Bertani (LB) media, supplemented with 100 mg/mL ampicillin for LipD. Uniformly The LipD containing cell pellets were resuspended in lysis buffer containing 50 mM Tris, 400 mM NaCl, 40 mM imidazole (pH 8.0), 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysed by French press. Cellular debris was removed by centrifugation at 18,500g for 45 min. Apo-LipD was converted to the holo-form by incubating the clarified supernatant with coenzyme A in the presence of crudely purified E. coli ACPS. 47 Nickel chromatography was used to purify both apo-and holo-LipD. The protein was eluted with 50 mM Tris, 400 mM NaCl, and 300 mM imidazole (pH 8.0) after washing with 20-column volumes of lysis buffer. Eluted protein was then dialyzed in 20 mM Tris, 100 mM NaCl, 0.5 mM EDTA, and 5 mM 2-mercaptoethanol (pH 8.0) and subjected to TEV protease digestion at room temperature for 3 h. TEV protease was expressed and purified from the pRK793 plasmid (Addgene) as previously described. 48 Overnight dialysis was performed in 20 mM Tris and 100 mM NaCl (pH 8.0) at 4 8C and applied to the Ni-NTA column one more time to remove the cleaved histidine tag and TEV protease. A ResourceQ anion exchange column was used for further purification in 10 mM MES pH 6.0 with stepwise NaCl gradients from 0 to 1 M. A 3-kDa cutoff centrifugal filter device (Amicon) was used to concentrate LipD to 1 mM. The final product contained two extra N-terminal residues, G and H, which can be considered as a cloning artefact. Purified proteins were detected through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Either native gel electrophoresis 49 or matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) was carried out to confirm the presence of the phosphopantetheine group in holo-LipD. Protein concentrations were determined by using theoretical extinction coefficient values (e 280 ) calculated from the ExPASy ProtParam program. 50 
NMR spectroscopy
All NMR samples contained around 1 mM unlabeled, 15 N or 15 and T 2 data for apo-and holo-LipD were analyzed using the program CurveFit (A.G. Palmer, Columbia University). Residues with internal motions faster than the overall rotational diffusion significantly influence the T 1 value, were identified by having NOE < 0.65 and excluded from further analysis. Moreover, residues with conformational exchange that can affect the T 2 relaxation time were identified as described. 57 Finally, the rotational correlation time for the global tumbling of each residue was calculated from the R 2 /R 1 ratio. In dynamics experiments, duplicated data sets were used to estimate uncertainties for the peak intensity. The uncertainties for { 1 H}- 15 N NOE values were estimated using the S.D. of the noise in empty spectral regions. 15 N apo-and holo-LipD samples were lyophilized and dissolved into 99.9% D 2 O buffer for amide hydrogen exchange experiments. A total of 30 HSQC spectra were then collected on each sample at 25 8C over a period of hours. NMRView was used to analyze the data. The first spectrum of each amide exchange series was picked and identified. Previous chemical shift assignments from apo-and holo-LipD were used for automatic pick picking on subsequent spectra. CurveFit and OriginPro8 were used to determine the amide exchange rate (k ex ) according to the following equation: I5I 0 exp 2k ex t ð Þ1C. 58 This amide exchange rate was used to determine the protection factor by using the K rc /k ex ratio where K rc is the exchange rate for amino acids in an radom coil conformation. 59 Phase-modulated CLEAN Chemical Exchange (CLEANEX-PM) experiments were carried out according to Hwang et al. 28 Two-dimensional (CLEA-NEX-PM) fast-HSQC spectra were obtained with a mixing time of 100 ms and compared the intensities to a control fast-HSQC spectrum. Peak intensities were analyzed according to the procedure mentioned in the amide exchange data analysis section. For the apo-LipD structure calculation CYANA (version 2.0) was used to calculate the initial structure, which included automated NOE assignment protocol, 60 hydrogen bond restraints, and predicted dihedral angle restraints from TALOS1 61 except for proline.
Further structure refinement was performed by XPLOR-NIH (version 2.19) 62 with the addition of backbone HAN RDC constraints. The PALES program was used to derive an initial estimation about the axial component of the molecular alignment tensor (Da) and the rhombicity (R) from the CYANA calculated lowest energy structure. Out of 200 structures, an ensemble of the 30 lowest energy structures were selected and used for analysis. All molecular graphics used in this study were generated using either MOLMOL 63 or PyMOL. 64 
Differential scanning calorimetry
The protein denaturation experiments were performed by using a VP-DSC microcalorimeter where 30 lM protein samples were heated from 10 to 100 8C at a scan rate of 60 8C/h with a filter period of 16 s. The protein was dialyzed overnight in 5 mM HEPES, 1 mM b-mercaptoethanol, pH 7.0 and the DSC experiments were carried out either in the presence of 2 mM EDTA or 2 mM CaCl 2 or 2 mM MgCl 2 or 100 mM NaCl or 100 mM KCl. The sample cell was refilled with protein sample after two consecutive buffer scans where the first scan was discarded due to different thermal history and the second one was used for baseline correction.
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